A polarization mixing OPO was demonstrated, that emits a single, linearly polarized narrow linewidth beam, fixed at degeneracy, independent of crystal temperature. The frequency locking is explained in terms of balanced roundtrip phase-matching condition.
Introduction
Frequency conversion by use of periodically poled crystals and quasi-phase matching has proven to be a mature technology for introducing coherent light sources where conventional lasers are unavailable. Optical parametric generation was thoroughly investigated and implemented in various configurations and devices.
A special case of Optical Parametric Oscillator (OPO) is the degenerate OPO, where both the signal and idler wavelengths, are at twice the pump wavelength. A type I phase-matched degenerate OPO is characterized by a broad spectral bandwidth, which limits the usefulness of its output beam. Type II phase-matched interaction results in a narrow bandwidth, but at this configuration the signal and idler beams are generated at two orthogonal polarizations. At both type I and type II interactions the wavelengths are highly sensitive to crystal temperature, due to the temperature dependence of the phase-matching conditions.
A polarization mixing OPO (PMO) was proposed and demonstrated [1] . In this configuration, a type II degenerate parametric down-conversion process generated two waves with identical wavelengths and orthogonal polarizations. In each round-trip, one of these waves is coupled out of the cavity, whereas the other one's polarization is rotated by 90 degrees using a linear retarder. As a result, in the next round trip, this remaining wave will also couple out of the cavity. But before that occurs it will mix with the pump in the nonlinear crystal to generate a new orthogonally polarized wave, which will remain for the next round-trip, etc. Thus, a single, linearly polarized beam is emitted. The generated beam exhibits narrow and stable linewidth. These characteristics are necessary for example when using the OPO signal to pump a second OPO in a tandem configuration.
Experimental setup
The PMO setup was described in detail in ref. 1 and is illustrate in Figure 1 . It consists of a 65 mm long hemispherical cavity with a 36 mm long PPKTP crystal, poled for quasi-phase-matching a degenerate Type II interaction from 1064nm to 2128nm. The phase matching temperature for the degenerate down conversion was 70°C. The cavity input mirror was highly transmitting at the pump wavelength and highly reflecting at around 2.13µm, whereas the rear OPO mirror was highly reflecting at both wavelengths. A dual wavelength waveplate, which is λ/4 at 2.13µm and λ/2 at 1.064µm, was inserted between the nonlinear crystal and the rear OPO mirror. When the signal and idler double-pass through this retarder, the polarizations are interchanged. A thin film Brewster polarizer was inserted between the input OPO mirror and the nonlinear crystal, and coupled the Z-polarized wave out of the cavity, while transmitting the Y-polarized wave. The pump source was a commercial, multi-longitudinal mode, Qswitched Nd:YAG laser, operating at 1kHz with a 28nsec pulse width (FWHM) and a beam quality factor of M 2 =1.1. The laser was Z polarized, a half wave plate and a polarizer were used to change the polarization to the Y direction and to control the output energy up to 1.4 mJoules. A 150mm focal length lens was used to match the laser waist into the OPO's cavity. A band-pass filter, transmitting at around 2µm, and a power-meter were used to measure the output beam power. Fig. 1 . PMO Experimental Setup. M1-input mirror HT@1μm HR@2μm, M2-rear mirror HR@1μm&2μm, TFP-thin film polarizer, DWP-dual wavelength wave plate λ/4 @ 2.13µm λ/2 @ 1.064µm, BPF-band pass filter at 2μm.
Results
The threshold was reached at 380mW pump power, and 300mW of output power was obtained at 1.35W pump. Light to light efficiency was over 22% with a slope efficiency of above 30%. The corresponding threshold intensity is 34MW/cm 2 . Those results are in a good agreement with theoretical estimates [1, 2] . We measured the PMO's output spectrum with a monochromator. The PMO's line-width was found to be even narrower than that of a conventional type II doubly resonated OPO (DRO). In a DRO configuration with the same crystal, we demonstrated a spectral linewidth of 2nm, whereas with the PMO, the spectral linewidth was below 1nm, which is the monochromator resolution limit. For comparison, a type I degenerate OPO, which we have also realized with the same pump source, had a spectral linewidth exceeding 300 nm.
We characterized the dependence of the PMO spectrum on the crystal temperature. In ordinary OPO's, as the crystal temperature is changed, the idler and signal wavelengths change as well, as seen for example in Fig. 2 for the conventional type II DRO. However, in the polarization mixing oscillator, a different phenomenon was observed. The PMO output wavelength is nearly independent of the crystal temperature. As shown in Fig. 2 , the device stays at degeneracy even though the crystal temperature was changed over 12°C. Alternatively, the deviation from the phase-matching temperature results in a decrease in conversion efficiency.
Calculation and discussion
It has been shown [1] , that the total round-trip gain is g f (g b -1 ), where g f and g b are the forward and backward propagation single pass gain. The single pass signal power gain, in the non-phase-matched condition, is given by (2) where n y and n z are the refractive indices in the y and z crystal directions respectively, n y,z denotes n y for the forward propagation case and n z for the backward propagation case while n z,y denotes the inverse. Λ(T) is the quasiphase-matching crystal period, as function of temperature (due to thermal expansion). Fig. 3(a) presents the calculated roundtrip gain as a function of wavelength at various temperatures near the phase-matching temperature. It can be seen that, up to a temperature deviation of about 7° from the temperature where degenerate phase matching occurs, the maximal gain is at the degenerate wavelength, though there is a distortion of the gain curve. At larger temperature deviation the peak of the gain curve is no longer locked to the degenerate point. This is in good agreement with the experimental locking range of ±6 o . Fig. 3(b) presents the signal and idler wavelengths that experience the maximum gain as a function of crystal temperature, for a standard type-II OPO and for PMO configurations. The results correspond to the experimental results presented at Fig. 2 . In the standard OPO configuration, for every temperature, different wavelengths exist that satisfy the phase-matching condition for both the forward and backward propagation direction. While in the PMO, due to the polarization interchange, only at one temperature is there a perfect quasi-phase-matching. At other temperatures, no wavelength exists that enables perfect phase-matching. The phase-matched wavelengths in the forward propagation direction are different than those in the backward propagation direction. Yet at degeneracy, the gain is maximal. 
Conclusions
A new OPO configuration was experimentally demonstrated. This polarization mixing oscillator emits a single, linearly polarized beam with a narrow spectral width of less than 1nm at the degenerate wavelength. This is due to the nonlinear mixing of the two orthogonal polarizations. More than 300mW of polarized output power, at 22% light to light efficiency was obtained. The emission wavelength is fixed at 2128nm, independent of the crystal temperature over ΔT=12°C. This effect is explained theoretically as a result of the balanced roundtrip gain. The narrow and stable spectral linewidth makes this device an attractive candidate for pumping another OPO towards the mid-infrared spectral range, or to be used as a seeder for a type I degenerate optical parametric amplifier (OPA). The PMO may also be used as a frequency divider or a frequency chain in continuous wave (CW) mode for spectral measurements.
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